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ABSTRACT: Out-of-plane response of typical South European masonry infilled frames was investi-
gated by testing three reduced scale specimens to investigate the effect of workmanship and presence 
of opening on the out-of-plane behaviour. The tests were performed considering an airbag to apply 
the uniform out-of-plane loading for each mass of the infill and by imposing pre-defined values of 
displacements in the out-of-plane direction in the control point taken at mid height and mid length 
of the masonry infill wall. Quasi-static cyclic testing was performed just in one direction to be able to 
monitor the propagation of the cracks and performance of the interfaces during out-of-plane loading. 
It was concluded that the workmanship is an important factor that may change the out-of-plane response 
of the specimen by changing the initial stiffness and lateral strength of the specimen. Another important 
contribution of the workmanship is the change of the collapse pattern of the infill by formation of two-
way arching mechanism or one way arching mechanism. When the upper boundary condition of the infill 
in contact with RC frame is filled properly with mortar, two way arching mechanism was observed oth-
erwise one-way horizontal arching mechanism was formed which exhibits lower out-of-plane resistance. 
The specimen with a central opening exhibits lower deformation capacity with respect to the reference 
wall but any decrease in its lateral strength was not recorded.
(Dafnis et al., 2002, Dawe and Seah, 1989, Drys-
dale and Essawy, 1988, Tu et al., 2010, Flanagan 
and Bennett, 1999). From experimental analysis, 
it was observed that the masonry infill panel sur-
rounded by RC or steel frame can resist significant 
out-of-plane loads due to formation of arching 
mechanism (Flanagan and Bennett, 1999).
1 INTRODUCTION
Out-of-plane collapse of masonry infills within 
concrete frames has been observed in most of the 
earthquakes (Braga et al., 2011). Although the infill 
panels are assumed as non-structural elements, 
their damage or collapse is not desirable, given the 
consequences in terms of human life losses and 
repair or reconstruction costs. In addition, this 
type of damage can limit the immediate occupancy 
after the earthquake event. Aforementioned earth-
quakes such as L’Aquila earthquake (Braga et al., 
2011), highlights the damages developed in the 
infill walls in relation to the minor cracks observed 
in the structure. In these cases, it was observed that 
no immediate occupancy was possible due to the 
generalized damage in the masonry infills. As it is 
observed in Figure 1 the ground motion was not 
strong enough to cause structural damage but due 
to improper anchorage and interaction of the infill 
walls and surrounding frame, the exterior walls 
damaged and fell outside and the concrete beam 
and columns were exposed.
Out-of-plane failure of the infills can be observed 
in dividing walls and also in multi-leaf walls when 
there is no proper transversal connection between 
the leaves as it is shown in Figure 2.
Studies on the out-of-plane behavior of masonry 
infilled RC frames can be found in literature 
Figure 1. Damage in non-structural elements (Braga 
et al., 2011).
Figure 2. Detachment of the leaves in multi leaf walls 
(Braga et al., 2011).
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The experimental program of Dawe and Seah 
(Dawe and Seah, 1989) included 9 full scale 
masonry infilled steel frames that were subjected 
to uniformly distributed lateral pressure that was 
applied in small increments. Effect of boundary 
supports, joint reinforcement, panel thickness and 
presence of opening were investigated and it was 
concluded that infill compressive strength, panel 
dimension, boundary conditions and rigidity of 
the surrounding frame have significant effect on 
the ultimate load while presence of central opening 
(about 20% of infill area) do not affect the ultimate 
strength but reduces postcracking ductility.
A series of experiments were performed by 
Angel et al (Angel et al., 1994) focusing on the out-
of-plane strength of the panels. The panels varied 
from uncracked specimens, cracked specimens and 
repaired specimens, to specimens tested with loads 
applied in both the in-plane and the out-of-plane 
directions. The tests were performed monotoni-
cally by means of airbag in pressure control to a 
maximum allowable capacity of the system. It is 
concluded that the in-plane cracking reduces the 
out-of-plane capacity of the slender panels by a fac-
tor as high as 2 and the out-of-plane capacity of the 
panels are totally dependent on its slenderness ratio 
and compressive strength. It is also concluded that 
the repairing techniques increases the out-of-plane 
capacity of damaged infills by a factor as high as 5.
The effect of different boundary conditions on 
the out-of-plane behavior of the infilled frames was 
investigated by different researchers (Dazio, 2008, 
Tu et al., 2010, Dafnis et al., 2002). Different con-
nections conditions at the top interface between 
the infill and the frame were considered: (1) joint 
completely filled with mortar; (2) joint partially 
filled with mortar; (3) joint with horizontal gap of 
3 mm due to shrinkage of the fresh mortar and (4) 
masonry infill with unsupported top. No significant 
differences in the behavior of the infills with com-
plete and partially filled top joint have been found, 
whereas a 3 mm horizontal gap in the upper mortar 
joint caused a clearly modified behavior of the spec-
imen. The presence of an initial gap in the top joints 
increases the relative displacement in the gap caus-
ing tilting of the infill panel. Infill panel with unsup-
ported top behaved as cantilever beam. It was also 
concluded that the presence of opening does not 
alter specimen’s dynamic behaviour. No local effects 
at the corners of the openings were investigated.
2 MATERIAL AND METHODS
2.1 Test specimens
Geometry and mechanical properties of the pro-
totype of masonry infilled frames which are the 
typical of South European countries and described 
in this research were categorized in (Furtado et al., 
2014). For the design of reduced scale specimens, 
an allowable stress design approach was followed. 
In the first step, sections of the columns and 
beams of prototype were analyzed based on ACI 
318–08 guidelines to obtain the maximum allow-
able forces and flexural moments of each section. 
Then Cauchy’s similitude law was applied to the 
allowable forces and flexural moments of real scale 
sections obtained in the first step to calculate the 
maximum allowable forces and flexural moments 
of reduced scale sections. In this step each mechan-
ical or geometrical parameters of sections of the 
prototype was calculated based on Table 1. Finally, 
cross-section and reinforcement of the reduced 
scale sections were designed based on the same 
allowable stress design approach; see Figure 3 and 
Figure 4.
Three reduced-scale specimens were constructed 
in the scope of the test; namely SIF-A, SIF-B and 
PIF-B. The first section in the labelling process of 
the specimens relates to the presence of opening in 
the infill. “SIF” means that the infill is solid and 
there is no opening while “PIF” relates to partially 
infilled frame and means that there is opening 
inside infill. The second section in the labelling 
Figure 3. Geometry and reinforcement scheme of the 
reduced scale specimens.
Figure 4. Cross-sections of columns and beams in 
reduced scale specimens.
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process relates to the group of mason that con-
structed the specimen. This means that the only 
difference between the specimens of SIF-A and 
SIF-B is in their workmanship.
The compressive strength of the masonry infill 
was determined as 1 MPa. This means that the 
masonry infill used in the frames can be considered 
as weak masonry infills. In the construction proc-
ess of the specimens, the RC frame was constructed 
primarily and after passing its curing time, the con-
struction of the infill was started by laying down 
the bricks in the horizontal direction. M5 Mortar 
was casted between the bricks in the horizontal 
and vertical joints and also between bricks and RC 
frame. This means that the masonry infill is in full 
contact with its surrounding frame.
The test setup for out-of-plane loading is shown 
in Figure 5 and Figure 6. As it is shown in Fig-
ure 5, the infilled frame was placed on the same 
steel profiles of in-plane testing setup. All the test 
setup for out-of-plane testing is as same as the in-
plane test setup but the only difference is providing 
more out-of-plane resistance of the upper beam by 
putting four steel rods of M40 to prevent out-of-
plane movement of the surrounding frame.
Out-of-plane loading is applied by means of 
airbag that is connected to its supporting frame. 
Four rollers were mounted in the bottom part of 
the supporting frame to ease its moving along the 
direction of applied load. The supporting frame 
was also kept in touch with four loadcells to meas-
ure the load that is applied by airbag which their 
contact points are shown in Section A-A. The sup-
porting frame of the loadcells was firmly connected 
to the strong floor and reaction wall to completely 
prevent its uplifting and sliding on the floor.
The instrumentation plan for the out-of-plane 
testing of solid infilled frame is shown in Figure 7 
and for partially infilled frame is shown in Figure 8. 
In the specimen without opening, total number of 
fifteen LVDTs were mounted on the specimen to 
monitor its deformation while the out-of-plane 
load is applied. From them, nine LVDTs record 
the displacement history of the infill panel during 
loading (L1 to L9). Four LVDTs measure the rela-
tive displacement between infill and its surround-
ing frame (L10 to L13) and two LVDTs measure 
the out-of-plane movement of the upper and bot-
tom reinforced concrete beam (L14 and L15).
Table 1. Relation between different parameters of pro-
totype and model in Cauchy’s Similitude Law.
Parameter Scale factor Parameter Scale factor
Length (L) L
L
P
m
 h
Mass (m) m
m
P
m
 h3
Elasticity  
Modulus  
(E)
E
E
P
m
1
Weight (W) W
W
P
m
 h3
Specific  
Mass (R)
l
l
P
m
1
Force (F) F
F
P
m
 h2
Area (A) A
A
P
m
 h2
Flexural  
Moment  
(M)
M
M
P
m
 h3
Volume (V) V
V
P
m
 h3
Stress (S) m
m
P
m
1
Displacement  
(d)
d
d
P
m
 h
Strain (E) a
a
P
m
1
Velocity (v) v
v
P
m
1
Time (t) t
t
P
m
 h
Acceleration  
(a)
a
a
P
m
 h 1
Frequency  
(f)
f
f
P
m
 h 1
Figure 5. Test setup for out-of-plane testing.
Figure 6. Test setup for out-of-plane testing.
1150
as central point of the infill in the upper part of 
opening (L9). The first amplitude repeated for six 
times and the others repeated two times to inves-
tigate the strength degradation of the specimen at 
each displacement. This loading protocol is com-
patible with FEMA461 (FEMA461, 2007). The 
loading was performed in one direction to monitor 
the deformation of the infill, propagation of the 
cracks and performance of the interfaces between 
infill and reinforced concrete frame during out-of-
plane loading.
3 RESULTS AND DISCUSSION
3.1 Specimen SIF-A
Force-displacement diagram of the specimen is 
shown in Figure 10. It is observed that by apply-
ing lateral displacements up to 4 mm in the control 
point no cracks were formed in the specimen. The 
first cracking of the specimen was observed at lat-
eral displacement of 5 mm corresponding to lateral 
force of 28.6 KN by formation of horizontal cracks 
in the center part of the infill. After this point, ini-
tial stiffness of the specimen decreased significantly 
until it reaches the peak force of 34.9 KN at lateral 
displacement of 25 mm. After peak lateral force, by 
applying further displacement, sudden drop in lat-
eral force was observed. 20% decrease in the maxi-
mum force was observed to reach the lateral force of 
27.6 KN corresponding to displacement of 28.1 mm. 
Further displacement led to further decrease in the 
lateral force. The specimen was collapsed at lateral 
displacement of 50 mm corresponding to lateral 
force of 19.4 KN. Because the specimen collapsed 
at the first cycle of the amplitude of 50 mm, the sec-
ond cycle was not performed.
The monotonic curve of the force-displacement 
diagram at the first and second cycles of each step 
is shown in Figure 11. It seems that strength deg-
radation of the specimen at two successive cycles 
is negligible until lateral displacement of 25 mm in 
Figure 7. Instrumentation of the infilled frame without 
opening.
Figure 8. Geometry and instrumentation for specimen 
with central opening.
Figure 9. Loading protocol for out-of-plane testing.
Figure 10. Hysteresis force-displacement diagram of 
SIF-A.
Figure 9 shows the defined loading pattern for 
quasi-static cyclic testing of the specimens in the 
developed software for out-of-plane testing. It is 
composed of twenty different amplitudes applied 
for the control point of each specimen in which 
for solid infilled frame is assumed as central point 
(L5) and for partially infilled frame is assumed 
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which the upper interface moved in out-of-plane 
direction and the maximum force of 34.9 KN was 
achieved. Strength degradation in the specimen 
could be considered as a contribution of the crack 
propagation. Because by increasing the number 
of cracks in the specimen, strength degradation 
increases. The degradation amount of 13% was 
observed at the peak point of the force-displace-
ment diagram. At lateral displacement of 30 mm 
which infill was cracked totally, the strength degra-
dation of 37% was observed.
Final cracking pattern of the specimen is drawn 
in Figure 12. It was observed that at the first lev-
els of loading until displacement of 25 mm the 
two-way arching mechanism was formed in the 
specimen but at the second cycle of the amplitude 
25 mm, the upper interfaces cracked and bulged 
outside. This cracking of upper interface change 
the total cracking pattern of the specimen as 
shown in Figure 12. In this case, the cracking pat-
tern of the specimen is compatible with the yield 
line theory of the slabs that have one free edge at 
their top part.
3.2 Specimen SIF-B
Force-displacement response of the specimen is 
shown in Figure 13. It is observed that at displace-
ment of 3.76 mm the cracking in the infill was ini-
tiated by forming the horizontal cracks in the mid 
part of the infill. Significant decrease in the initial 
stiffness could be observed after displacement of 
5.27 mm related to out-of-plane force of 30.9 KN 
which could be related to the formation of diago-
nal step cracks. This means that by imposing higher 
displacement at the control point, force increases 
slowly until it reaches 39.7 KN at displacement of 
24.21 mm. After the peak point, softening branch 
could be observed which increasing displacement 
leads to decrease in out-of-plane force to the extent 
that at displacement of 80 mm the residual strength 
of 22.4 KN corresponding to 56% of the peak force 
was obtained. Because the specimen was collapsed 
at the first cycle of the amplitude of 80 mm, the 
second cycle was not performed.
The monotonic curves of the force-displace-
ment diagram for each cycle is shown in Figure 14. 
It is observed that by applying more displacements 
in the specimen which lead to the formation of 
more cracks, the amount of strength degradation 
increases. The increasing of the strength degrada-
tion in the specimen is assumed as insignificant 
because maximum amount of 10% was observed 
at lateral displacement of 60.5 mm.
The final cracking pattern of the specimen is 
shown in Figure 15. In this specimen the cracking 
pattern is compatible with the yield line theory of 
the slabs that have four supports. In this case, in the 
first stages of loading a horizontal crack initiated 
at the mid-part of the specimen and by applying 
further displacements to the control point, some 
diagonal cracks formed at the end part of the 
horizontal crack trying to reach the corners of the 
infill. The failure pattern of the specimen exhib-
its that the two-way arching mechanism that was 
formed in the initial stages of the test, remained 
unchanged until the end of the test.
3.3 Specimen PIF-B
Force-displacement diagram of the specimen at 
control point is shown in Figure 16. It is observed 
that the first cracking initiated at displacement of 
3.76 mm corresponding to the out-of-plane force 
of 26.6 KN. Nonlinearity in the force-displacement 
diagram was observed before observing the cracks 
in the specimen. By applying further displacement 
to the control point, the out-of-plane force was 
increased until it reached to 39 KN at displace-
ment of 12.91 mm. After this point, increasing 
the displacement in control point resulted in small 
decrease in out-of-plane force. Finally the specimen 
was collapsed at displacement of 24.46 mm corre-
Figure 11. Monotonic force-displacement diagram of 
specimen SIF-A at each successive cycles.
Figure 12. Failure pattern of the soecimen SIF-A.
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sponding to the force of 31.1 KN by out-of-plane 
failure of the right side of the opening in the infill. 
Right part of the infill experienced more damage 
with respect to the other parts of the infill. This 
could be related to the position of the valves of 
input air in the airbag that were placed in its right 
side. It seems that this issue have led to asymmetric 
loading of the infill.
The monotonic force-displacement diagram for 
each successive cycles are shown in Figure 17. It 
is observed that strength degradation in the speci-
men starts by formation of cracks in the specimen 
which is similar with the other tests. The maximum 
strength degradation of 12% was happened at lat-
eral displacement of 12.91 mm corresponding to 
the peak load of 39 KN while for other displace-
ments the amount of strength degradation is less 
than 10%.
The final cracking pattern of the specimen is 
shown in Figure 18. It is observed that the crack-
ing of the specimen initiated at the corners of the 
opening by formation of some diagonal cracks try-
ing to reach the corners of the infill. Increasing the 
displacement at the control point lead to forma-
tion of some horizontal crack in the top part of 
the infill and finally the specimen failed as shown 
in Figure 18. It seems that the two-way arching 
mechanism is also formed in this specimen to resist 
the out-of-plane loading and remained unchanged 
until the failure of the specimen.
3.4 Discussion
The force-displacement diagram of the specimens 
are shown in Figure 19. It is clear that the force-
displacement diagram of the specimen constructed 
with group of  mason “A” is totally different with 
experience group of  mason “B”. The param-
eters related to the out-of-plane behaviour of  the 
specimens namely initial stiffness measured as the 
slope of  the force-displacement diagram at 30% 
of maximum force and the out-of-plane resistance 
of  the specimens are represented in Table 2. It 
seems that the boundary conditions of  the speci-
men totally affect the out-of-plane behaviour of 
the specimen. Workmanship as observed in the 
test results of  SIF-A could affect those boundary 
conditions. It is clear that in the specimen SIF-A, 
the upper interface lost its functionality due to 
Figure 13. Hysteresis force-displacement diagram of 
SIF-B.
Figure 14. Monotonic force-displacement diagram of 
specimen SIF-B at each successive cycles.
Figure 15. Failure pattern of the soecimen SIF-B.
Figure 16. Hysteresis force-displacement diagram of 
PIF-B.
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improper filling of  the mortar joints adjacent to 
the upper RC beam and slided in the out-of-plane 
direction. This was resulted in lower out-of-plane 
resistance of  the specimen by changing its bound-
ary conditions.
It can be easily concluded that the specimen 
constructed with experienced mason (group “B”) 
exhibits higher initial stiffness and out-of-plane 
resistance. The increase in the initial stiffness and 
maximum force are calculated as 58% and 14% 
respectively.
It is also concluded that presence of small cen-
tral opening (13% area of infill) did not result in 
decrease of the out-of-plane resistance of the 
specimen while 12% decrease in the initial stiffness 
was observed. Based on Figure 19 and comparing 
the force-displacement diagram of the specimens 
SIF-B and PIF-B, it could observed that pres-
ence of even small percentage of opening in the 
infill results in decrease in the deformation capac-
ity of the specimen while it does not lead to any 
significant decrease in the lateral strength of the 
specimen.
4 CONCLUSIONS
Laboratory testing was conducted on three reduced 
scale infilled frame representing the typology of 
South European countries and the following con-
clusion were made;
v Workmanship could significantly affect the out-
of-plane behaviour of the specimen by disturb-
ing their boundary conditions. The increase in 
the initial stiffness and maximum force in the 
specimen constructed with experienced mason 
was reported as 58% and 14% respectively. In 
the specimen constructed with mason type “A” 
the upper interface lost its functionality due to 
improper filling of the mortar joints adjacent 
to the upper RC beam and slided in the out-of-
plane direction.
v  Presence of even small percentage of opening 
inside infill results in significant decrease in the 
deformation capacity of the specimens. It is 
observed that the specimen with central open-
ing collapsed at low displacement applied in its 
control point. The maximum deformation in the 
control point of the specimen with central open-
ing is ¼ of the displacement in which the solid 
specimen collapsed at.
v  It is also concluded that presence of opening 
inside infill resulted in the reduction of initial 
stiffness. Presence of opening with 13% area of 
the infill resulted in 12% decrease in the initial 
stiffness while no change in the load bearing 
capacity of the specimen was observed.
Figure 17. Monotonic force-displacement diagram of 
specimen PIF-B at each successive cycles.
Figure 18. Failure pattern of the soecimen PIF-B.
Figure 19. Force-displacement diagram of the 
specimen.
Table 2. Parameters related to the out-of-plane behav-
ior of specimens.
Specimen
Initial stiffness  
(KN/mm)
Maximum  
force (KN)
SIF-A 11.5 34.9
SIF-B 18.2 39.8
PIF-B 16.0 39.0
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